INTRODUCTION
Hemidiaphragmatic paralysis (HDP) is a frequent complication of the brachial plexus block, caused by uninten-tional blockade of the phrenic nerve, especially when the block is performed above the clavicle [1] [2] [3] [4] [5] [6] [7] . Although HDP can reduce forced vital capacity and forced expiratory volume at 1 second by 20%-30% [8] [9] [10] , these reductions are 145 generally well tolerated by most patients. HDP, however, can be a serious problem in some patients, including those with underlying lung disease or marginal pulmonary function [11] [12] [13] .
Despite the incidence of HDP being lower after the supraclavicular brachial plexus block (SCB) than after the interscalene brachial plexus block, the incidence of HDP after the SCB has been reported to range from 30%-60% [1, 2] . The incidence of HDP after infraclavicular brachial plexus block is even lower [14, 15] , likely due to the relatively long distance between the phrenic nerve and the block site [16, 17] . However, the infraclavicular brachial plexus block alone has limited utility in patients undergoing shoulder surgery because of the poor coverage of the proximal branch, such as the suprascapular nerve.
The costoclavicular brachial plexus block (CCB) is a recently introduced infraclavicular approach that targets three cords located lateral to the axillary artery in the costoclavicular space [18] [19] [20] [21] . Cords in this space are located more superficially than with the classical approach at the lateral infraclavicular fossa and are clustered, while maintaining a consistent anatomical relationship with each other [20, 21] . In addition, the costoclavicular space is considered a retrograde channel to the supraclavicular area, enabling reliable anesthesia, including anesthesia to the suprascapular nerve during shoulder surgery [22] , and providing additional stability in catheter placement for a continuous brachial plexus block [23] . Because of these anatomical advantages, the CCB is emerging as a promising infraclavicular approach, with several studies showing that the CCB can provide a successful and rapid onset of the blockade with a single injection of a relatively small volume of local anesthetic [18] [19] [20] .
The costoclavicular space is located proximal to the lateral infraclavicular fossa, providing greater proximity to the phrenic nerve. The CCB may therefore increase the risk of HDP, with one study showing that local anesthetic injected into the costoclavicular space reached the interscalene region, at the level of the primary trunk [24] . To date, however, no study has primarily assessed the incidence of HDP following the CCB. This retrospective propensity score matched cohort study therefore compared the incidence of HDP after the CCB with its incidence after the SCB.
MATERIALS AND METHODS
This retrospective observational study was approved by the Institutional Review Board of the Chungnam National University Hospital (IRB CNUH 2019-03-019) on March 28, 2019, and the trial was registered at the Clinical Research Information Service, a clinical trial registry in South Korea (KCT0003764) on April 12, 2019. Informed consent was waived, due to the retrospective design of the study using medical records. This article adheres to the applicable STROBE (strengthening the reporting of observational studies in epidemiology) guidelines.
Data collection
The electronic medical records, as well as the picture archiving and communication system of all patients who underwent brachial plexus blocks, performed by a single anesthesiologist, in the Chungnam National University Hospital from January 2018 to December 2018 were reviewed retrospectively.
Patients were excluded if the brachial plexus block was performed using an interscalene or axillary approach, if their medical records were incomplete, or if the margins of the hemidiaphragm could not be distinguished on chest radiographs due to underlying lung pathology or poor image quality. Data collected from medical records included age, sex, height, weight, type of brachial plexus block, chest radiograph findings, postoperative SpO 2 in room air, and injected volume of local anesthetic.
Brachial plexus block
All brachial plexus blocks were performed under ultrasound guidance by a single experienced anesthesiologist using an in-plane technique with Mylab TM 25 Gold (Esaote, Genova, Italy) and a linear probe (LA435, 6-18 MHz; Esaote). Each patient was administered 20-30 mL of local anesthetic, consisting of a 1:1 mixture of 1% lidocaine and 0.75% ropivacaine.
In the CCB, patients were placed in a supine position with the surgical limb abducted 90 degrees. A transverse scan was performed immediately below the midpoint of the clavicle and over the medial infraclavicular fossa. Maintaining the same position, the transducer was gently tilted cephalad to direct the ultrasound beam toward the costoclavicular space, defined as the space between the posterior surface of the clavicle and the second rib. The ultrasound image was optimized until all three cords of the brachial plexus were visualized lateral to the axillary artery. Using an in-plane technique and a lateral-to-medial direction, the block needle was advanced until its tip was located in the middle of the three cords. Initially, 15-20 mL of local anesthetic was injected between the medial and posterior cord. The needle was then slightly withdrawn and its tip relocated to be adjacent to the lateral cord, and an additional 5-10 mL of anesthetic was injected ( Fig. 1A,  B ) [21] . Oh, et al In the SCB, patients were placed in a supine position, with a soft (jelly) pad placed behind the back, and the head turned slightly to the contralateral side. A transverse scan was performed immediately above the clavicle. The transducer was gently tilted caudally to direct the ultrasound beam toward the first rib. The first target was the corner pocket (i.e., the intersection between the first rib and the subclavian artery) [25] . Subsequently, the needle was repositioned under direct vision, and directed toward the neural cluster formed by the trunks and divisions of the brachial plexus. Five to 10 mL of local anesthetic was injected into the corner pocket, followed by the injection of 15-20 mL between each trunk or division (Fig. 1C ).
Outcome measures
The primary outcome was the incidence of HDP, defined as a > 20 mm elevation of the hemidiaphragm on chest radiographs. Elevation of the hemidiaphragm was deter-mined by comparing its relative position to that on the contralateral side on pre-and post-operative chest radiographs. The level of the hemidiaphragm was measured by drawing two lines parallel to the vertebral body that passed the highest points of each hemidiaphragm. The height of the hemidiaphragm was determined by adding or subtracting the vertical distance between these two lines on the contralateral hemidiaphragm (Fig. 2) . The change of height was calculated by subtracting the preoperative height from the postoperative evaluation. For example, if the preoperative height of the hemidiaphragm on the surgical side was -10 mm (i.e., 10 mm lower than on the non-surgical side) and the postoperative height was 20 mm (i.e., 20 mm higher than on the non-surgical side), the change of height would be 30 mm, an amount diagnosed as HDP.
Preoperative chest radiographs were defined as those taken at the last clinic visit or one day before surgery. Postoperative chest radiographs were defined as those taken immediately after discharge from the postanesthesia care unit, as part of routine practice in our institution. Posteroanterior images were primarily assessed, with anteroposterior images assessed when posteroanterior images were not available. The usual clinical practice in our institution is to take posteroanterior images, but depending on the patient's condition, anteroposterior images may be taken instead.
Secondary outcomes were the occurrence of any respiratory symptoms after the brachial plexus block, such as dyspnea or chest discomfort, and room air SpO 2 , measured during the stay in the postanesthesia care unit. An exploratory analysis investigated factors associated with the occurrence of HDP.
Statistical analysis
All statistical analyses were performed using R software ver. 3.5.3 (R Project for Statistical Computing, Vienna, Austria). To account for possible selection bias and confounding factors [26] , 1:1 propensity score matching was performed using the MatchIt package in R software [27] . The dependent variable was set as a binary response, with the CCB scored as 1 and the SCB as 0. Nearest neighbor matching with a logistic regression-based propensity score was performed by designating the volume of local anesthetic, the preoperative height of the hemidiaphragm, the side of the operation, age, height, weight, and sex as covariates to be corrected. The absolute standardized difference was calculated to validate the matching of the two groups, with a difference < 0.1 indicating that the two groups were sufficiently balanced.
After validating the balance of the matched data, the normality of continuous data was assessed using the Shapiro-Wilk test. If normality was satisfied, comparisons between groups were determined by independent t-tests, with the results expressed as mean ± standard deviation. If normality was not satisfied, groups were compared using the Mann-Whitney U-test, with the results expressed as median (interquartile range). Categorical data were compared using the χ 2 -squared test or Fisher's exact test, as appropriate, with the results expressed as a number (%). The primary outcome, the incidence of HDP, was compared by calculating odd ratio (OR) and 95% confidence interval (CI). For all calculations, a two-tailed P value < 0.05 was considered statistically significant.
To determine the factors affecting the occurrence of HDP, logistic regression analysis was performed using age, height, weight, sex, group, and volume of local anesthetic as explanatory variables. The volume of local anesthetic was calculated by subtracting the minimum volume used in this study (15 mL) from the original volume. Following univariate analysis, variables with P values < 0.2 were selected for multivariate backward stepwise regression. Akaike's information criterion was considered for final model selection. The Hosmer-Lemeshow test was performed to evaluate the goodness of fit of the model.
The results of the logistic regression analysis were considered as exploratory because this analysis was not predetermined.
RESULTS
During the study period, 426 patients underwent brachial plexus blocks; of these, 111 were excluded, including five with undistinguishable hemidiaphragm margins on chest radiographs, nine who underwent brachial plexus blocks on both sides, and 97 who underwent other types of brachial plexus blocks. Of the 315 remaining patients, Oh, et al 118 underwent CCBs, and 197 underwent SCBs. Propensity score matching selected 118 pairs of patients (Fig. 3) .
The demographic and clinical characteristics of the two groups before and after matching are shown in Table 1 . Before matching, the absolute standardized difference for weight was over 0.3, indicating that weight affected the decision regarding which block to perform, with the CCB preferentially performed in lighter patients. After matching, six covariates had acceptable absolute standardized differences of < 0.1, whereas age did not. Although the absolute standardized difference of age did not meet the defined standard, the actual difference in age between the two groups was not statistically significant after matching (P = 0.267). The incidence of HDP was 2.5% (n = 3) in patients who underwent CCBs and 39.8% (n = 47) in patients who underwent SCBs (P < 0.001; OR, 0.04; 95% CI, 0.01-0.13). The three patients in the CCB group who experienced HDP received 25 mL of local anesthetic. The change in diaphragm height differed significantly in the CCB and SCB groups (P < 0.001; Table 2 ). A histogram showing the changes in height of the hemidiaphragm is shown in Fig. 4 . Postoperative room air SpO 2 in the CCB and SCB groups differed significantly (98.0% [97.0%-98.0%] vs. 97.0% [96.0%-98.0%], P = 0.035), but this difference was not significant clinically. Four pa-tients in the SCB group (3.4%) reported chest discomfort.
Multivariate logistic regression analysis showed that the approach to the brachial plexus block and the volume of local anesthetic were significantly associated with the occurrence of HDP ( Table 3 ). The final model could be expressed as follows (p indicates probability of HDP; sex: 1 for male; block approach: 1 for the CCB): That is, the exponential of the value calculated on the right-hand side of the equation would be the odds (p/1 -p) of HDP for the given covariates, with a p > 0.5 predicting HDP. For example, if a CCB using 30 mL of local anesthetic is performed on a male patient, the calculated p would be 0.037, predicting that HDP will not occur. The Hosmer-Lemeshow goodness-of-fit test yielded a P value of 0.930, indicating no evidence of poor fit.
DISCUSSION
This single center retrospective propensity score matched cohort study showed that the incidence of HDP was significantly lower in patients undergoing brachial plexus blocks by the CCB than by the SCB. In addition, the volume of local anesthetic correlated positively with the incidence of HDP.
The brachial plexus block can be an attractive alternative to general anesthesia in patients at high risk of postoperative pulmonary complications due to underlying lung pathology. However, the brachial plexus block, especially the interscalene brachial plexus block, is accompanied by a risk of HDP [3] [4] [5] [6] , a significant adverse event in these patients [11] [12] [13] . In addition, patients may experience respiratory depression and nausea due to perioperative opioid use, although the latter can be reduced by a brachial plexus block. Various strategies have been proposed for diaphragm sparing brachial plexus blocks [1, 8, 14, 28, 29] . Except for one study, in which 20 mL of 0.75% ropivacaine was administered to patients undergoing upper extremity surgery [8] , none of the strategies could eliminate the risk completely.
Because the CCB was introduced relatively recently, few studies have evaluated the incidence of HDP associated with it. A randomized control trial using 35 mL of local anesthetic for the CCB and a paracoracoid infraclavicular approach reported that the rates of HDP were 8.9% in both groups [30] . Moreover, a recent study using 20 mL of local anesthetic for the CCB and interscalene brachial plexus block in 44 patients found that the rates of HDP were 0% and 100%, respectively [22] . The logistic regression model described in this study showed that the likelihood of HDP is 30-fold lower for the CCB than for the SCB. Although the present study revealed that the incidence of HDP was significantly lower in patients undergoing the CCB than the SCB, three patients who underwent the CCB were diagnosed with HDP.
In theory, use of a higher volume of local anesthetic increases the likelihood of phrenic nerve blockade due to the direct spread of local anesthetic toward the phrenic nerve or rostral spread to the cervical nerve roots [31] . The relationship between local anesthetic volume and HDP has been observed consistently [3, 5, 6, 8, 32] . For example, randomized controlled trials of patients undergoing the interscalene brachial plexus block [3, 5, 6] showed that the incidence of HDP in patients who were administered 5 mL of local anesthetic was 27%-45%, about half that of patients who were administered larger volumes of local anesthetic. Studies using a relatively small volume of local anesthetic (20 mL) reported an incidence of HDP of 0%-9% in patients undergoing SCB [8, 32] and a 0% incidence in patients undergoing CCB [22] . The present study also showed that administration of < 25 mL of local anesthetic in CCB resulted in a 0% incidence of HDP. Taken together, these findings indicate that a low local anesthetic volume may prevent HDP in the CCB, a result supported by the multivariate logistic regression analysis performed in this study. According to the model suggested in this study, every 10 mL of local anesthetic exceeding 15 mL increases the likelihood of HDP three-fold.
The optimal volume of local anesthetic for the CCB has not yet been determined. Due to the anatomical advantages of the costoclavicular space [21, 33] , a relatively small Oh, et al volume of local anesthetic was administered compared with the conventional infraclavicular brachial plexus block and the results were successful [19, 20, 22 ]. In contrast, a dose-finding study for ultrasound-guided CCB with 1.5% lidocaine revealed that the minimum effective volume in 90% of patients was 34 mL [10] . The differences among studies may be due to differences in the details of the injection techniques, such as the injection duration and pressure limit, as well as differences in the definition of successful blockade [10, 19, 22] . Several studies have identified the fascial layer within the neurovascular sheath of the brachial plexus [34, 35] as a layer that may impede the spread of local anesthetic. In contrast to the single injection technique utilized in the dose-finding study for the CCB [10] , the present study used a two-injection technique. This may explain why the relatively low volume of local anesthetic could spread sufficiently to induce successful anesthesia [36] . Further research is required to determine the optimal volume of local anesthetic that can reliably anesthetize the entire upper limb area, including the shoulder joint, while preventing HDP. The method to detect HDP in this study differed from methods used in previous studies. Most previous studies employed motion mode ultrasonography, which uses the liver and spleen as acoustic windows to monitor the excursions of the diaphragm during the respiratory cycle [1, 8, 14, 22] . This method is technically difficult, especially when monitoring the left diaphragm [37, 38] , as well as being both time consuming and operator dependent [39] . HDP in the present study was determined by the change in the relative position of the hemidiaphragm on chest radiographs. Despite chest radiography having a long clinical history and being a basic diagnostic tool, definitive diagnostic criteria for HDP have not yet been firmly established. The diagnostic cut off value of HDP used in this study was based on previous studies, which showed that the average movement of the diaphragm during tidal breathing was about 1.5-2.0 cm [40, 41] . Moreover, the paradoxical upward movement of the hemidiaphragm during sniffing can be up to 2 cm in some healthy people [42] . We therefore assumed that the difference would be equal or greater when HDP does occur than when it does not, coupled with the detection of the normal paradoxical movement of the hemidiaphragm. We found that a value of 2 cm corresponds to the 98th and 55th percentiles in the change of height of the hemidiaphragm in the CCB and SCB groups, respectively.
In one study [43] , chest radiography showed 0.90 sensitivity and 0.44 specificity in diagnosing HDP, suggesting a low false negative rate and a relatively high false positive rate. Therefore, the diagnostic method described in this study is more likely to overestimate the incidence of HDP, an aspect that can be considered more conservative. Also, HDP in the present study was determined by comparing pre-and postoperative images. We believe that it could reduce the false positive rate due to the inherent differences in height between the two sides and overcome the limitations of a single static imaging modality, at least to some degree.
This study had several limitations, including its retrospective design. We attempted to minimize this limitation by propensity score matching. However, the matching could not sufficiently balance the ages of the two groups. The CCB is apparently preferred for younger patients, and the effect of age on the study results cannot be excluded [44] . In addition, we did not have detailed information regarding block quality or onset. Finally, the diagnostic tool used to detect HDP in the present study differed from that in other studies. Although the technical ease of chest radiography may be a strength of the present study, it limits direct comparison with studies using ultrasonography to detect HDP. Additional studies are needed to determine the correlation between chest radiography and ultrasonography in the diagnosis of HDP.
In conclusion, the results of this study showed that the incidence of HDP was significantly lower in patients undergoing the CCB than the SCB. In addition, the volume of local anesthetic correlated positively with the incidence of HDP.
